INTRODUCTION
Dairy cows not used for the replacement of the herds can be inseminated with semen of beef sires to produce calves sold at about 3 wk of age for beef production. In France, the 2 main dairy cattle breeds mated to Charolais sires are Holstein and Montbéliard. For this purpose, purebred Charolais sires are selected based on the performances of their crossbred offspring, that is, a phenotype not expressed in the purebred ABSTRACT: Charolais bulls are selected for their crossbreed performance when mated to Montbéliard or Holstein dams. To implement genomic prediction, one could build a reference population for each crossbred population independently. An alternative could be to combine both crossbred populations into a single reference population to increase size and accuracy of prediction. The objective of this study was to investigate the accuracy of genomic prediction by combining different crossbred populations. Three scenarios were considered: 1) using 1 crossbred population as reference to predict phenotype of animals from the same crossbred population, 2) combining the 2 crossbred populations into 1 reference to predict phenotype of animals from 1 crossbred population, and 3) using 1 crossbred population as reference to predict phenotype of animals from the other crossbred population. Traits studied were bone thinness, height, and muscular development. Phenotypes and 45,117 SNP genotypes were available for 1,764 Montbéliard × Charolais calves and 447 Holstein × Charolais calves. The population was randomly spilt into 10 subgroups, which were assigned to the validation one by one. To allow fair comparison between scenarios, size of the reference population was kept constant for all scenarios. Breeding values were estimated with BLUP and genomic BLUP. Accuracy of prediction was calculated as the correlation between the EBV and the phenotypic values of the calves in the validation divided by the square root of the heritability. Genomic BLUP showed higher accuracies (between 0.281 and 0.473) than BLUP (between 0.197 and 0.452). Accuracies tended to be highest when prediction was within 1 crossbred population, intermediate when populations were combined into the reference population, and lowest when prediction was across populations. Decrease in accuracy from a prediction within 1 population to a prediction across populations was more pronounced for bone thinness (-27%) and height (-29%) than for muscular development (-14%). Genetic correlation between the 2 crossbred populations was estimated using pedigree relationships. It was 0.70 for bone thinness, 0.80 for height, and 0.99 for muscular development. Genetic correlation indicates the expected gain in accuracy of prediction when combining different populations into 1 reference population. The larger the genetic correlation is, the larger the benefit is to combine populations for genomic prediction.
Charolais. Selection based on genomic prediction could result in abandoning progeny testing and reducing costs associated with data collection. To implement genomic prediction for selecting Charolais bulls for crossbreeding, one could decide to build independently a reference population with the Montbéliard × Charolais calves and a reference population with the Holstein × Charolais calves. However, as the size of reference population is directly related to the accuracy (Daetwyler et al., 2008; Goddard, 2009; Meuwissen, 2009) , combining both crossbred populations would lead in a single larger reference population and could increase accuracy of genomic prediction. Combining genetically different reference populations has been investigated in purebreeds and results showed no or limited benefits in terms of accuracy of the genomic prediction (Pryce et al., 2011; Chen et al., 2013) . Accuracy of genomic prediction based on a reference population consisting of 2 crossbred types has been rarely discussed. Results might be different than ones observed in combining purebreeds as both crossbreeds contain genes from a common breed, which is the breed of interest (i.e., Charolais). This situation also occurs in pig, poultry, and sheep breeding schemes. The objective of this study was to investigate the accuracy of genomic prediction by combining different crossbred populations, using real data. Three scenarios that differ with respect to the contribution of both crossbreeds to the reference and the validation population were tested.
MATERIALS AND METHODS
The guidelines stated in the Guide for the Care and Use of Agricultural Animals in Research and Teaching (FASS, 2010) were followed when caring for the animals.
Data
Phenotypes were collected on 2,211 crossbred calves of which 1,111 were males and 1,100 were females. Calves originated from 88 purebred Charolais AI sires mated to dams from Montbéliard or Holstein breed. Out of the 88 sires, 69 sires had offspring in both crossbred populations. Number of Montbéliard × Charolais calves was 1,764 (79.8%) and number of Holstein × Charolais calves was 447 (20.2%). Traits included in this study were bone thinness, height, and muscular development. All traits were scored on calves at 3 wk of age on average. Height at withers was scored on a scale from 1 to 5, in which 1 corresponded to the shortest calves and 5 corresponded to taller calves. Bone thinness was also scored on a scale from 1 to 5, in which 1 corresponded to the thinnest bone structure and 5 corresponded to thicker bone structure. Muscular development was evaluated based on visual inspection of shoulders, back, and rump. Muscular development was scored on a scale from 1 to 9, in which 1 corresponded to light muscular development and 9 corresponded to important muscular development. Data were collected between 2010 and 2012 by 2 qualified classifiers who followed regular training sessions to score the traits in a consistent way. One classifier scored 925 Montbéliard × Charolais calves and 241 Holstein × Charolais calves. The other classifier scored 839 Montbéliard × Charolais calves and 206 Holstein × Charolais calves. More details on traits and data collection can be found in Vallée et al. (2013) .
All 2,211 calves and their 88 Charolais purebred sires were genotyped with the Illumina BovineSNP50 BeadChip (Illumina Inc., San Diego, CA). Quality control was performed using the preGSf90 program (Misztal et al., 2002) . All animals had call rates greater than 90%. Single nucleotide polymorphisms with a call rate smaller than 95% were removed (1,497 SNP). The minor allele frequency was estimated based on the complete genotyping data, including genotypes from Montbéliard × Charolais calves, Holstein × Charolais calves, and purebred Charolais sires. Single nucleotide polymorphisms with a minor allele frequency smaller than 2% were removed (8,263 SNP). Monomorphic SNP were removed (5,363 SNP). After quality control, 45,117 SNP were left and included in further analysis.
Estimation of Breeding Values
Each trait was analyzed using the following linear animal model:
in which Y ijklm is the observation, µ is the overall mean, S i is the fixed effect of sex i (2 classes), C j is the fixed effect of classifier j (2 classes), D k is the dam breed (2 classes), BYBS l is the fixed effect of the combination between the birth year and the birth season defined as classes of 3-mo periods starting in December 2010 (8 classes), Animal m is the random additive genetic effect of the mth calf, and e ijklm is the random residual effect ~N(0, Iσ 2 e ), in which I corresponds to the identity matrix and σ 2 e corresponds to residual variance. Regular BLUP breeding values were calculated using pedigree information based on paternal relationships. Pedigree information on the sire was traced back with a minimum of 3 generations. It was assumed that the effect Animal m was distributed as N(0, Aσ 2 a ), in which A is the additive genetic relationship matrix and σ 2 a corresponded to the additive genetic variance.
Genomic breeding values were calculated using genomic BLUP (GBLUP; VanRaden, 2008) where A was replaced by the marker-based genomic relationship matrix G. The additive genetic relationship matrix and the genomic relationship matrix were calculated using the BLUPF90 package (Misztal et al., 2002) .
Allele frequencies used to construct G were estimated from the observed genotypes of all animals, including the Montbéliard × Charolais, Holstein × Charolais, and the purebred Charolais animals.
Variance components used in BLUP and GBLUP were fixed at values estimated from a larger data set described in Vallée et al. (2013) in which calves from both crossbred populations were included and traits were assumed genetically similar between populations. Genetic variance and residual variance were 0.121 and 0.407 for bone thinness, 0.198 and 0.391 for height, and 0.661 and 1.025 for muscular development, respectively. Analysis was performed using the BLUPF90 package (Misztal et al., 2002) .
Scenarios for Reference and Validation Populations
Accuracy and bias were calculated based on 10 replicates. For this purpose, the population was randomly split into 10 subgroups, which were assigned to the validation one by one. In each replicate, 90% of the calves belonged to the reference population and 10% of the calves belonged to the validation population. To allow fair comparison between scenarios, size of the reference population was kept constant for all scenarios. In the first scenario, Montbéliard × Charolais calves (n = 1,588) were used to predict phenotype of calves (n = 176) from the same crossbred type. In scenario 2, Montbéliard × Charolais calves (n = 1,185) and Holstein × Charolais calves (n = 402) were combined and used as reference population. Phenotypes of Montbéliard × Charolais crossbreeds (n = 176; scenario 2a) and Holstein × Charolais crossbreeds (n = 45; scenario 2b) were predicted. In scenario 3, Montbéliard × Charolais calves (n = 1,588) were used as reference population to predict phenotypes of Holstein × Charolais (n = 45). In each replicate, calves in the reference population were the same for scenario 1 and scenario 3. In each replicates, calves in the validation population were the same for scenario 1 and scenario 2a. Similarly, calves in the validation population were the same for scenario 2b and scenario 3. A scenario with only Holstein × Charolais calves in the reference population was not tested as the number of available calves for the reference population was limited (n = 447). Number of calves and type of crossbreed used in each scenario are summarized in Table 1 .
In each scenario, breeding values were estimated using BLUP and GBLUP to allow comparison of results between the 2 methods. Accuracy of prediction was calculated as the correlation between the EBV and the phenotypic values of the calves in the validation divided by the square root of the heritability (Hayes et al., 2010) . Heritabilities used to calculate the accuracy were estimated from a larger data set described in Vallée et al. (2013) . They were 0.229 for bone thinness, 0.336 for height, and 0.392 for muscular development. Standard error of accuracy was calculated as the SD of the correlations between the EBV and the phenotypic values based on 10 replicates divided by the square root of the number of replicates. Bias of breeding values was assessed by the regression of phenotypes on the EBV. Accuracy and bias were calculated for each of the 10 replicates and then averaged. Figure 1 shows the distribution of the difference in allele frequency at each locus between the Montbéliard × Charolais calves and Holstein × Charolais calves. Consequently, these results also showed a difference in allele frequencies between dam breeds. The maximum range would be from -0.500 to 0.500 if 1 allele is fixed in Montbéliard and the other allele is fixed in Holstein. Difference observed in allele frequency ranged from -0.490 to 0.407. The number of loci with an absolute difference in allele frequency larger than 0.10 ranged 35.3%. Montbéliard × Charolais calves had lower average number of heterozygote SNP (16,067) than Holstein × Charolais (16,819).
RESULTS

Difference in Allele Frequencies
Use of Crossbreed Data to Predict Performance with BLUP and Genomic BLUP
When using pedigree information (BLUP), accuracies obtained for the different scenarios and traits ranged between 0.197 and 0.452 (Table 2) . When using genomic information (GBLUP), accuracies obtained for the different scenarios and traits ranged between 0.281 and 0.473. An increase in accuracy was observed for all traits and all scenarios when genomic information was used instead of pedigree information. The smallest increase was for muscular development in scenario 2b with an accuracy of 0.452 with BLUP and 0.460 with GBLUP, which represented a 2% increase in accuracy. The largest increase was for bone thinness in scenario 3 with an accuracy of 0.203 with BLUP and 0.332 with GBLUP, which represented a 64% increase in accuracy. Standard errors of the estimated accuracy were lower in scenario 1 and 2a (between 0.018 and 0.032) than in scenario 2b and 3 (between 0.024 and 0.063). It was due to larger validation population in scenarios 1 and 2a as compare to scenarios 2b and 3. For muscular development, bias of EBV or genomic EBV was limited in all scenarios and for BLUP and GBLUP, ranging between 0.852 and 1.094 (Table 3) . For bone thinness and height, bias was observed in scenario 2b and 3 with BLUP ranging between 0.555 and 0.771, but bias was limited with GBLUP ranging between 0.750 and 0.908.
Accuracy of Prediction within and across Crossbred Populations
When the reference and validation populations were from the same crossbred population (scenario 1), accuracies tended to be highest for all 3 traits with BLUP and GBLUP (Table 2) . When the reference and validation populations consisted of different crossbreeds (scenario 3), accuracies tended to be lower, especially for bone thinness and height. The decrease in accuracy from scenario 1 to scenario 3 tended to be higher for BLUP than for GBLUP. This decrease was more pronounced for bone thinness and height. For bone thinness, the decrease in accuracy between scenario 1 and 3 was -46% with BLUP and -27% with GBLUP. For height, the decrease in accuracy was -41% with BLUP and -29% with GBLUP. For muscular development, the decrease in accuracy was -12% with BLUP and -14% with GBLUP.
Accuracy of Prediction Combining Crossbred Populations into One Reference Population
When reference population combined Montbéliard × Charolais (in majority) and Holstein × Charolais (in minority), accuracies tended to be larger when the validation population consisted of Montbéliard × Charolais (scenario 2a) as compare to Holstein × Charolais (scenario 2b; Table 2 ). Accuracy tended to increase from prediction across populations (scenario 3) to scenario 2b, ranging between 13 and 32%, with the exception of bone thinness with GBLUP. The difference in accuracy from prediction within 1 population (scenario 1) to scenario 2a was limited and ranged between -0.045 and +0.008.
DISCUSSION
Use of Crossbreed Data to Predict Performance
The present study investigated the accuracy of genomic prediction by combining different crossbred populations. Reference and validation populations shared half-sibs from the same paternal families. This will result in higher accuracies as compared to using unrelated individuals in the reference and in the validation populations (Daetwyler et al., 2013) . However, it is expected to affect the different scenarios to the same extent. Size of the reference population was kept constant for all scenarios to allow comparison of accuracy between scenarios. The smaller size of the validation population in scenario 2b and 3, as compared to scenarios 1 and 2a, affected the SE of the accuracies.
Accuracy was higher for GBLUP than for BLUP for all traits and all scenarios. Results illustrated the benefit of using genomic information of crossbred animals for prediction of breeding values. This possibility was initially suggested by Dekkers (2007) and then also studied by Ibanez-Escriche et al. (2009) and Toosi et al. (2010) . They used simulated data with crossbred animals into the reference population to predict purebred candidates for their crossbreed performance. They all concluded that breeding value for performance on crossbreed can be accurately predicted using genomic information from crossbred animals. Ibanez-Escriche et al. (2009) and Toosi et al. (2010) reported that using genomic information from crossbreeds or purebreeds tended to give slightly similar level of accuracy of prediction for crossbred performance. Despite of sufficient genomic data on purebreeds in the current study, accuracies of genomic prediction using a single crossbred population (scenario 1) were compared to accuracies theoretically predicted by the formula of Daetwyler et al. (2010) . The formula was applied on a Charolais purebred population with a genome length of 30 morgans and an effective population size of 250. Accuracies theoretically obtained were lower than accuracies estimated using real crossbreed genomic information. It was 0.313 for bone thinness (as compare to 0.455 in the present study), 0.371 for height (as compare to 0.395 in the present study), and 0.396 for muscular development (as compare to 0.473 in the present study). This could be explained by the tight relationship, which benefits the accuracy, as compared to a situation with less strong family relationships modeled by the formula of Daetwyler et al. (2010) .
Prediction of Performance across Crossbred Populations
Genetic
Correlation between Crossbred Populations. Higher loss in accuracy was observed for bone thinness and height compared to muscular development when prediction was performed across rather than within crossbred population. A previous study using partly the same data revealed that the estimated genetic correlation between bone thinness in Montbéliard × Charolais and in Holstein × Charolais was 0.70, 0.80 for height, and 0.99 for muscular development (Vallée et al., 2013) . Based on these results, it can be concluded that bone thinness and height were genetically different traits between Montbéliard × Charolais population and Holstein × Charolais population but not muscular development. This explains why accuracy decreased when prediction was across populations as compared to within 1 population. This also explains higher bias observed for bone thinness and height when prediction was across populations as compared to within 1 population. The present results showed the concordance between genetic correlation and accuracy of prediction across populations. Using simulated data, Wientjes et al. (Y. C. J. Wientjes, R. F. Veerkamp, P. Bijma, H. Bovenhuis, C. Schrooten, and M. P. L. Calus, Animal Breeding and Genomics Centre, Wageningen University, The Netherlands and CRV, Arnhem, the Netherlands, personal communication personal communication) demonstrated that the accuracy across populations was proportional to the genetic correlation; if genetic correlation was 0.8, accuracies of genomic prediction were 80% of the accuracies based on a genetic correlation of 1. However, this was not clearly reported on real purebreed data where genomic information was used to calculate genetic correlation (Karoui et al., 2012; Olson et al., 2012) (Dekkers and Chakraborty, 2004) . Difference in allele frequencies existed between dam breeds and therefore can result in difference in Charolais allele substitution effect between the crossbred populations. Modeling dominance effect (Zeng et al., 2013) with specifying dam allele frequency might better fit the situation and improve accuracy of prediction. The magnitude of additive effect (a) and dominance effect (d) of the Charolais alleles could also differ depending on the dam breed. It could involve genotype × environment interaction where the genotype inherited from the Charolais sire could interact differently with the maternal environment provided by Montbéliard dams or Holstein dams (Cowley et al., 1989; Barker, 1998; Rhees et al., 1999) . It could also involve epistatic interaction where the genotype inherited from the Charolais sire could interact differently with the genotype inherited from the Montbéliard dams or Holstein dams (Spelman et al., 2002; Thaller et al., 2003) .
Contribution of the Maternal Alleles in Genomic Prediction. In GBLUP, alleles from Montbéliard and Holstein were used to establish relationships and they might affect genomic prediction. Previous studies reported that different purebred populations showed differences in allele substitution effects and differences in linkage disequilibrium (LD) between markers and genes. This led to lower accuracy when prediction was across breeds as compare to within the same breed (Hayes et al., 2009; Pryce et al., 2011; Weber et al., 2012; Chen et al., 2013) . These differences could exist between Montbéliard and Holstein dam breeds and could lead to a decrease in accuracy when prediction was across crossbred populations as compare to within the same crossbred population. In BLUP, relationships on the Montbéliard and Holstein side were not used. Therefore, genetic difference between Montbéliard and Holstein dam breeds did not affect genetic prediction. A larger decrease in accuracy from prediction within to prediction between crossbred populations was not observed for GBLUP as compared to BLUP. Therefore, a limited contribution of dam relationship on prediction of crossbreed phenotypes is suggested.
Allele frequencies used to construct the genomic relationship matrix were estimated based on genotypes from different populations: 1,764 Montbéliard × Charolais, 447 Holstein × Charolais, and 88 purebred Charolais animals. Allele frequencies differ between Montbéliard × Charolais and Holstein × Charolais crossbreeds and therefore we do not use the appropriate allele frequencies to construct the genomic relationship matrix. This might distort the within-breed genetic variance (Erbe et al., 2012) . Distortion could be avoided by scaling G but it was not expected to affect accuracy (Harris and Johnson, 2010; Erbe et al., 2012; Makgahlela et al., 2013) .
Combining Crossbred Populations in the Reference Population
The study showed that for bone thinness and height, combining the 2 crossbred populations in 1 reference population was beneficial as compare to prediction across populations, although the crossbreed present in the validation was represented in minority in the reference population. Studies on dairy and beef purebreeds also reported a benefit of combining reference populations as compare to across-breed predictions because it increased LD phase persistence, similarity in allele effect, and genetic correlation between reference and validation populations (Hayes et al., 2009; Toosi et al., 2010; Pryce et al., 2011; Chen et al., 2013) . In the present situation where size of the reference population was kept constant, combining crossbred populations into 1 reference population tended to give similar accuracy to prediction within 1 crossbred population. Combining crossbred populations will allow an increase in the size of the reference population and therefore an increase in the accuracy of prediction (Daetwyler et al., 2010) . Improvement of the accuracy was assessed by using all Montbéliard × Charolais calves (n = 1,764) and the Holstein × Charolais calves (n = 402) to predict phenotype of Holstein × Charolais calves (n = 45). Accuracy increased up to 9% for bone thinness, 25% for height, and 12% for muscular development compared to scenario 3. Muscular development being genetically identical between the 2 crossbreeds, combining the 2 crossbred populations will lead to a maximum gain of accuracy. Bone thinness and height being genetically different between the 2 crossbreeds, increasing the reference size by combining the 2 crossbred populations will also give higher accuracy than prediction within 1 population to a lower extent than for muscular development. The increase in accuracy will depend on the proportion of animals in the validation represented into the reference population.
Implications
Having crossbred populations with 1 parental breed in common offers the opportunity to estimate genetic correlation using pedigree relationships from the common breed, without the need for genotyping information. This scenario also occurs in pig, poultry, or sheep breeding. Genetic correlation indicates the expected gain in accuracy of prediction when combining different crossbred populations into 1 reference population. The larger the genetic correlation is, the larger the benefit is to combine populations for genomic prediction.
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